Introduction
The faithful translation of genetic information requires that transfer RNA (tRNA) is reliably loaded with its cognate amino acid before reaching the ribosome during protein biosynthesis. This is ensured by a set of aminoacyl-tRNA synthetases (AARS) each of which catalyzes the aminoacylation of a specific tRNA. Based on their distinct ATP-binding cores, AARS fall into two classes of 10 enzymes each. 1 Active sites of class I enzymes (including GluRS and GlnRS) involve a parallel β-sheet Rossmann fold with two conserved amino acid motifs for ATP binding. Class II enzymes (AspRS, AsnRS and others) exhibit a central seven-stranded, antiparallel β-sheet with three conserved motifs. 1 tRNA aminoacylation is a two-step event. In the first step, the AARS activates the amino acid using ATP and Mg 2+ to yield an enzyme-bound, high-energy aminoacyl adenylate intermediate. In the second step, the aminoacyl moiety is transferred to the 3'-terminal adenosine of the cognate tRNA. In GluRS, GlnRS and ArgRS, the first step occurs only in the presence of the tRNA. 2 AARS reliably discriminate between different tRNAs, such that the 20 proteinogenic amino acid residues generally require a corresponding number of tRNAs and AARS. 3 Numerous organisms, however, express fewer than these 20 AARS. 4 In particular, glutaminyl-tRNA, asparaginyl-tRNA 5 and cysteinyl-tRNA 6 synthetases may be affected. Thus all archaea 7 , most bacteria, as well as mitochondria and chloroplasts 8 lack glutaminyl-tRNA synthetase (GlnRS).
In exchange, a non-discriminating glutamyl-tRNA synthetase (ND-GluRS) charges both tRNA Glu and tRNA Gln with glutamate (Scheme 1). 9 The resulting misacylated Glu-tRNA Gln is then converted to Gln-tRNA Gln by a tRNA-dependent amidotransferase (AdT) through the addition of amide to the glutamate. The indirect synthesis known as the transamidation pathway is the more ancient way of producing Gln-tRNA Gln . 10 
Scheme 1
The anticodon-binding domains of bacterial and archaeal/eukaryotic GluRS differ structurally. While the former has an all α-helical topology, the secondary structure of the latter exclusively involves β-strands. 11 Sequence comparisons and the all-β anticodon-binding domain indicate that GlnRS evolved from GluRS in eukaryotes shortly after the archaea/eukarya divide. 12 Some bacterial species such as Thermus, Deinococcus and proteobacteria of the β-and γ-families then presumably acquired GlnRS by horizontal gene transfer. 13 Here we present the first crystal structure of a non-discriminating GluRS from the thermophilic cyanobacterium Thermosynechococcus elongatus (ND-GluRS Tel ) at 2.45 Å resolution. The principal structural feature distinguishing ND-GluRS Tel from discriminating
GluRS from Thermus thermophilus (D-GluRS Tth ) 11 is the substitution of an arginine by glycine in the anticodon-binding domains, allowing the bulky base G36 of the tRNA Glnanticodon to be accommodated. Moreover, we present catalytic constants for charging GlutRNA Glu and Glu-tRNA Gln confirming GluRS Tel to be non-discriminating.
Results

GluRS from Thermosynechococcus elongatus is non-discriminating
The genome 14 of the thermophilic cyanobacterium Thermosynechococcus elongatus does not include a gene encoding a glutaminyl-tRNA synthetase (GlnRS). 15 Instead, the genes gatC, gatA and gatB for the heterotrimeric amidotransferase Glu-Adt (or GatCAB) 16 are present. 15 Glutamyl-tRNA synthetase of T. elongatus (GluRS Tel ) is thus presumably non-discriminating, acylating both tRNA Glu and tRNA Gln followed by the conversion of misacylated Glu-tRNA Table 2 . Table 2 ND-GluRS Tel is an elongated, slightly curved molecule, 110 Å in length and 35-40 Å in width.
The modular protein consists of five domains ( Figures 1 and 2(a) ). The N-terminal, catalytic domain (green in Fig. 1 ) has a dinucleotide-binding or Rossmann fold characterized by a into the catalytic domain, dividing the latter into two subdomains. The acceptor-binding domain, comprising three α-helices and two anti-parallel β-sheet of four and two strands respectively, causes the helical tRNA acceptor end to change its conformation during binding to allow the 3'-end to fit into the active site 20 . The two N-terminal domains are followed by three α-helical domains: The stem-contact (SC) domain (4 α-helices) and two anticodonbinding domains, a three-helix bundle and a six-helix cage, respectively. The crystallographically independent monomers A and B are structurally largely identical. Their modular architecture, however, allows monomer A to bend slightly more than monomer B. The difference leads to a root mean square deviation (r.m.s.d.) of 0.9 Å for the C α atoms of both molecules.
A Zn 2+ binding site involving the so-called SWIM motif Cys-x-Cys-x 24 -Cys-x-His has been identified in GluRS from Escherichia coli by extended X-ray absorption fine structure (EXAFS) analysis and site-directed mutagenesis studies 21; 22 . It serves to stabilize a segment of the CP-domain responsible for interacting and positioning the tRNA acceptor end correctly in the active site. Though ND-GluRS Tel bears a similar motif (Cys98-x-Cys100-x 24 -His125-xHis127) and 250 µM zinc acetate was added to the crystallization drops, Zn 2+ was not observed to bind. Instead the side chains of Cys98, Cys100 and His125 are in mutual van-derWaals contact while His127 is structurally removed and points away from the other potential ligands. Aminoacylation assays show that ND-GluRS Tel does not require zinc whereas zinc is essential for the activity of GluRS from E. coli 21 . This is consistent with the rapid rate of evolution indicated by phylogenetic studies that revealed frequent differences of the putative zinc-binding sites between closely related taxons 22 .
Glutamate recognition
In ND-GluRS Tel monomer A, a glutamate substrate molecule is bound within a positively charged pocket of the active site ( Figure 3(a) ). Its γ-carboxyl group forms two salt bridges to the guanidinium groups of Arg6 and Arg210 and a hydrogen bond to the Tyr192 hydroxyl group. The α-carboxyl group is involved in a hydrogen bond or salt bridge to atom His214-N δ1 . The amino acid specificity of GluRS is thus ensured by the glutamate binding site recognizing substrates of suitable size and charge distribution. The insertion would thus appear to be required for tRNA Gln but not tRNA Glu -binding.
In D-GluRS Tth ATP initially binds to a 'non-productive' subsite spatially removed from the second substrate glutamate. 2 Upon tRNA-binding, ATP moves to the 'productive' subsite reacting with glutamate to yield the intermediate glutamyl-AMP, which aminoacylates the tRNA. Most active-site residues are conserved in ND-GluRS Tel indicating that the described mechanism is similarly conserved.
Recognition of tRNA Glu and tRNA
Gln
In the complex of tRNA Glu /GluRS Tth , the anticodon loop of tRNA Glu adopts a U-turn structure while its minor groove interacts with the two anticodon-binding domains 24 . 
Discrimination versus non-discrimination by GluRS
Evolutionarily, non-discrimination of tRNA Glu and tRNA Gln by GluRS is more ancient, while discrimination appears first to have occurred in eukaryotes following the divergence of GlnRS from non-discriminating GluRS 13 . The transfer of GlnRS to individual bacteria allowed the GluRS to become discriminating by additionally distinguishing anticodon base 36 through an additional binding site in the first anticodon-binding domain. Non-discrimination by GluRS thus represents the standard situation, while discrimination required a dedicated fine-tuning of the enzyme to ensure that the previously acceptable G34 of tRNA Gln is reliably rejected.
Sequence alignments of non-discriminating GluRS indicate that Gly366 of ND-GluRS Tel is conserved in Caulobacter crescentus, Fusobacterium nucleatum and GluRS1 of
Thermoanaerobacter tengcongensis (incorrectly annotated as GluRS2 in UniProt), replaced by serine in cyanobacterial GluRS, by glutamine/glutamate in firmicute (e.g. Bacillus,
Lactobacillus or Mycoplasma) GluRS. The fact that a glycine or glutamine in this position is not sufficient to allow discrimination is illustrated by the loss of discrimination in the mutant R358Q of D-GluRS Tth . 24 Interestingly, an arginine is observed at the position corresponding to Gly366 of ND-GluRS Tel (or Arg358 of D-GluRS Tth ) in actinobacteria, spirchaetes and chlamydiae. However, these species lack a gene for GlnRS but do carry gatCAB 15 , implying their GluRS to be nondiscriminating. An arginine at this position in itself therefore does not suffice to ensure discrimination. In tRNA-free D-GluRS Tth Arg358 is stabilized by a salt bridge to Glu443.
Upon tRNA-binding, this interaction is disrupted. Glu443 interacts with the tRNA backbone while Arg358 forms a stacking interaction with Pro357 and a hydrogen bond to Leu354-O.
The intricate stabilization of arginine in D-GluRS Tth indicates this to be crucial to discrimination. This inference is supported by the fact that non-discriminating GluRS with an arginine in position 366 (D-GluRS Tel ) never possess a glutamate at position 443.
Yet another variation is observed in some proteobacteria such as Helicobacter, Rickettsia or
Bartonella. These species express both a non-discriminating GluRS1 and a discriminating GluRS2. 15 In all corresponding GluRS2, an arginine is observed at the critical discrimination position. GluRS1 all feature an asparagine or glutamate at this position. 
Comparison with non-discriminating aspartyl-tRNA synthetase
Conclusions
Materials and Methods
Cloning, production and purification of GluRS
The Bandelin, Berlin, Germany). The cell free extracts were ultracentrifuged at 4°C and 100,000 g. The supernatant was processed further.
Isolation of tRNA Glu and tRNA Gln from T. elongatus
Mature tRNA Glu and tRNA Gln from T. elongatus were obtained by acidic phenol extraction as described. 32 The tRNA extracted from 200 mg of total RNA was purified by anion exchange chromatography using the Qiagen Q500 Maxi Kit (Qiagen, Hilden, Germany). Total tRNA containing 9 mg was then deacylated by incubation at 37°C for 1 h in the presence of 200 mM
Tris-acetate pH 9.0 and the deacylated tRNAs were recovered by ethanol precipitation 33 .
tRNA purification
Mature tRNA Gln and tRNA Glu from T. elongatus were isolated by an improved solid-phase DNA probe method ("chaplet" column chromatography) 34 . 150 µg of 5'-biotinylated, gel- 
Aminoacylation assays with GluRS
In 
Data collection, structure determination and analysis
X-ray diffraction data were collected at the beamline PX I (Swiss Light Source). Data were processed and scaled using the XDS program package 36 . The structure of GluRS from
Thermus thermophilus (PDB-code 1GLN) 11 was used as a model in molecular replacement using Phaser 37 . CNS was used for rigid body and simulated annealing refinement. REFMAC5
was used for subsequent refinement, including TLS-refinement protocols. Coot was used for manual model building and structural analysis. 38 The structure was validated using WHAT IF in light blue and cyan, respectively. All molecular depictions were produced using PyMOL 40 . Individual kinetic parameters are based on three independent determinations with standard deviations from 3-10 %. 
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